A decision making framework with MODFLOW-FMP2 via
optimization: Determining trade-offs in crop selection by Fowler, K R et al.
University of Nebraska - Lincoln
DigitalCommons@University of Nebraska - Lincoln
US Army Corps of Engineers U.S. Department of Defense
2014
A decision making framework with MODFLOW-
FMP2 via optimization: Determining trade-offs in
crop selection
K R. Fowler
Clarkson University, krfowler@clarkson.edu
E W. Jenkins
Clemson University, lea@clemson.edu
C Ostrove
Indiana University of Pennsylvania - Main Campus, ostrovci@clarkson.edu
J C. Chispell
Indiana University of Pennsylvania - Main Campus, john.chrispell@iup.edu
M W. Farthing
Engineer Research and Development Center, U.S. Army Corps of Engineers, matthew.w.farthing@erdc.dren.mil
See next page for additional authors
Follow this and additional works at: http://digitalcommons.unl.edu/usarmyceomaha
Part of the Multi-Vehicle Systems and Air Traffic Control Commons
This Article is brought to you for free and open access by the U.S. Department of Defense at DigitalCommons@University of Nebraska - Lincoln. It has
been accepted for inclusion in US Army Corps of Engineers by an authorized administrator of DigitalCommons@University of Nebraska - Lincoln.
Fowler, K R.; Jenkins, E W.; Ostrove, C; Chispell, J C.; Farthing, M W.; and Parno, M, "A decision making framework with
MODFLOW-FMP2 via optimization: Determining trade-offs in crop selection" (2014). US Army Corps of Engineers. 151.
http://digitalcommons.unl.edu/usarmyceomaha/151
Authors
K R. Fowler, E W. Jenkins, C Ostrove, J C. Chispell, M W. Farthing, and M Parno
This article is available at DigitalCommons@University of Nebraska - Lincoln: http://digitalcommons.unl.edu/usarmyceomaha/151
A decision making framework with MODFLOW-FMP2 via
optimization: Determining trade-offs in crop selection*
K.R. Fowler a, *, E.W. Jenkins b, C. Ostrove a, J.C. Chrispell c, M.W. Farthing d, M. Parno e
a Department of Mathematics and Computer Science, Clarkson University, USA
b Department of Mathematical Sciences, Clemson University, Clemson, SC, USA
c Department of Mathematics, Indiana University of Pennsylvania, USA
d Coastal and Hydraulics Laboratory, Engineer Research and Development Center, U.S. Army Corps of Engineers, Vicksburg, MS, USA
e Department of Aeronautics and Astronautics, Massachusetts Institute of Technology, USA
a r t i c l e i n f o
Article history:
Received 16 April 2014
Received in revised form
19 November 2014
Accepted 24 November 2014
Available online xxx
Keywords:
Simulation-based optimization
Multi-objective
Farm management
a b s t r a c t
Farmers in regions experiencing water stress or drought conditions can struggle to balance their crop
portfolios. Periods of low precipitation often lead to increased, unsustainable reliance on groundwater-
supplied irrigation. As a result, regional water management agencies place limits on the amount of water
which can be obtained from groundwater, requiring farmers to reduce acreage for more water-intensive
crops or remove them from the portfolio entirely. Real-time decisions must be made by the farmer to
ensure viability of their farming operation and reduce the impacts associated with limited water re-
sources. Evolutionary algorithms, coupled with accurate, flexible, realistic simulation tools, are ideal
mechanisms to allow farmers to assess scenarios with regard to multiple, competing objectives. In order
to effective, however, one must be able to select among a variety of simulation tools and optimization
algorithms. Many simulation tools allow no access to the source code, and many optimization algorithms
are now packaged as part of a suite of tools available to a user. In this work, we describe a framework for
integrating these different software components using only their associated input and output streams.
We analyze our strategy by coupling a multi-objective genetic algorithm available in the DAKOTA
optimization suite (developed and distributed by Sandia National Laboratory) with the MODFLOW-FMP2
simulation tool (developed and distributed by the United States Geological Survey). MODFLOW-FMP2
has been used extensively to model hydrological and farming processes in agriculture-dominated re-
gions, allowing us to represent both farming and conservation interests. We evaluate our integration by
considering a case study related to planting decisions facing farmers experiencing water stress. We
present numerical results for three competing objectives associated with stakeholders in a given region
(i.e., profitability, meeting demand targets, and water conservation). The data obtained from the opti-
mization are robust with respect to algorithmic parameter choices, validating the ability of the associated
evolutionary algorithm to perform well without expert guidance. This is integral to our approach, as a
motivation for this work is providing decision-making tools. In addition, the results from this study
demonstrate that output from the chosen evolutionary algorithm provides a suite of feasible planting
scenarios, giving farmers and policy makers the ability to compromise solutions based on realistic
simulation data.
© 2014 Elsevier Ltd. All rights reserved.
1. Introduction
Recent water crises in the agriculture-intensive states of Cali-
fornia and Kansas highlight the difficulties associated with man-
aging limited resources in the context of various competing
interests. California water management agencies have dealt with
consequences of drought for many years. In fact, a 2011 report by
the Public Policy Institute of California (PPIC) (Hanak et al., 2011)
* Thematic Issue on the Evolutionary Algorithms.
* Corresponding author.
E-mail addresses: krfowler@clarkson.edu (K.R. Fowler), lea@clemson.edu
(E.W. Jenkins), ostrovci@clarkson.edu (C. Ostrove), john.chrispell@iup.edu
(J.C. Chrispell), matthew.w.farthing@erdc.dren.mil (M.W. Farthing), mparno@mit.
edu (M. Parno).
Contents lists available at ScienceDirect
Environmental Modelling & Software
journal homepage: www.elsevier .com/locate/envsoft
http://dx.doi.org/10.1016/j.envsoft.2014.11.031
1364-8152/© 2014 Elsevier Ltd. All rights reserved.
Environmental Modelling & Software xxx (2014) 1e12
Please cite this article in press as: Fowler, K.R., et al., A decisionmaking frameworkwith MODFLOW-FMP2 via optimization: Determining trade-
offs in crop selection, Environmental Modelling & Software (2014), http://dx.doi.org/10.1016/j.envsoft.2014.11.031
recognized the need for improved water management practices. In
2014, many aquifers are still pumped at an unsustainable level
(Chappelle et al., 2014) and, until recently, local water management
agencies lacked the authority to develop and implement water
management plans (Chappelle et al., 2014). While California as a
whole has become less dependent on agriculture for its economic
success (Chappelle et al., 2014), farmers still consume a majority of
the groundwater resources available in the state (Hanak et al., 2011;
Kenny et al., 2009;Maupin et al., 2014). Thus, water policy decisions
have a larger impact on farmers than on other users of ground-
water, and changes in farming practices have a significant impact
on the overall availability of the groundwater resources.
Part of themotivation for this work is the vital need to assess the
impact of farming practices on groundwater resources and to
evaluate different scenarios of a farm model to guide decision
makers. The use of mathematical modeling and optimization in
planning crop strategies is well-documented (see, for instance,
Dury et al., 2011 and references therein El Nazer and McCarl, 1986;
Baker and McCarl, 1982; Beneke andWinterboer, 1984; Sahoo et al.,
2006; Annetts and Audsley, 2002; Lehmann et al., 2013; Groot et al.,
2012). In addition, the application of optimization methods (spe-
cifically evolutionary algorithms, described in detail below) to real-
world problems to guide decision making has been identified as a
key research challenge (Maier et al., 2014). In particular, the study
here is aligned with trying to understand the algorithm perfor-
mance across a set of algorithm parameters with no corresponding
analytic solution for comparison as the underlying problem re-
quires a simulation incorporating real data. In addition, we identify
challenges associated with this approach to point the way towards
future work. This study is therefore directly aligned with current
research challenges and future directions (Maier et al., 2014) with
regards to “the mathematical formulation of objectives and con-
straints for real world problems” as well as “the development and
understanding of limitations and strategies for increasing relevance
and credibility.”
Any modeling and optimization strategy intending to aid
farmers in decision making must be able to account for multiple,
competing objectives. For example, attempting to maximize profit
may require growing more water intensive crops. In regions
experiencing drought, simultaneously minimizing water usage is
critical but can be in conflict with the profit objective. In addition,
the farming process itself is dynamic, with farmers naturally tran-
sitioning farm states based on previous crop performances and
availability of resources. The performance of the crop portfolio
depends, in part, on the availability of water, the nutrients available
in the soil (whichmay depend on previous plot allocations), and the
water requirements of the crops. In order to meet irrigation re-
quirements for the crops, farmers often incorporate a variety of
irrigation methods, including pumping and surface water delivery
systems (Schmid and Hanson, 2009). The mechanism for water
delivery determines the efficiency of the farm; the health of supply
aquifers determines any extraction limits on the pumping wells.
There is no single planting schedule that will simultaneously satisfy
all the stakeholders it will impact; in fact, individual farmers in a
given region with the same base crop portfolio may make different
planting decisions based solely on personal goals.
Groundwater resources have become critically strained, as
overuse, in conjunctionwith extreme droughts, has placed aquifers
in jeopardy of overdraft. Nearly 70% of groundwater withdrawals
are used for irrigation, and nearly 90% of the groundwater used for
agricultural irrigation is drawn from 13 states (Kenny et al., 2009;
Maupin et al., 2014). Groundwater is the primary source of irriga-
tion in Nebraska, Arkansas, Texas, Kansas, Mississippi, and Missouri
(Kenny et al., 2009; Maupin et al., 2014). Portions of several of these
states (Nebraska, Kansas, and Texas) overlay parts of the High Plains
Aquifer, located in the Midwest region of the United States. Previ-
ous studies on the High Plains Aquifer have considered different
water management strategies (McGuire et al., 2002; Peterson and
Ding, 2004; Scanlon et al., 2012; Musick et al., 1990; Sophocleous,
2010), and stories of possible depletion of the High Plains Aquifer
have headlined recent news programs (Morris, 2013; Charles,
2013). Farmers in these regions have agreed to reduce their irri-
gation, but long-term impacts on available water resources and
profitability of the associated farms remains largely unknown.
Details of the underlying hydrological system, water delivery
systems, climate information, and plant attributes are essential to
guiding model-based planting decisions. To this end, it is necessary
to use a simulation tool that incorporates these aspects of the
farming cycle. Moreover, an approach that is scalable from a single
farm to an agricultural region, including multiple farms and large-
scale hydrological and geological attributes, can guide both indi-
vidual farmers and policy makers. Several packages for farm
simulation exist (Keating et al., 2003; St€ockle et al.; Groot et al.,
2012), each focusing on different aspects of the plantesoil in-
teractions. Specifically, these approaches model individual farms
with mechanisms for simulating crop rotation, irrigation, fertil-
ization, and plant growth dynamics. These simulation-tools have
successfully been paired with optimization algorithms to improve
farm management (Groot et al., 2012; Klein et al., 2012; Lehmann
et al., 2013; Sommer et al., 2010).
Recent efforts in understanding water resources have sought to
incorporate details on agricultural impact, both on a macro-scale
and an individual farm scale (Schmid and Hanson, 2007, 2009;
Condon and Maxwell, 2014a, 2014b). MODFLOW was developed
originally by the United States Geological Survey (USGS) in the
1980's to model groundwater flow in confined and unconfined
aquifers. Its basic functionality has grown significantly over the
years and has been extended for use in agricultural applications
through the USGS Farm Process (FMP2) (Schmid and Hanson, 2009;
Hanson et al., 2014a). FMP2 was developed in collaboration with
the Pajaro Valley (California)WaterManagement Agency (PVWMA)
to better simulate irrigated agricultural systems and hence accu-
rately forecast supply-and-demand scenarios to help policy makers
(Schmid and Hanson, 2007, 2009). This ability to study the often
competing interests of farmers, residential users, and environ-
mental agencies is critical to assess the impacts of water with-
drawals from a variety of sources in the context of potential climate
uncertainty (Hanson et al., 2012).
The utility of the MODFLOW-FMP2 software has been demon-
strated on many application areas, including the Pajaro, Central,
and Cuyama Valleys in California (Faunt, 2009; Hanson et al., 2010,
2014b, 2014c; Hanson and Sweetkind, 2014), the Lower-Rio Grande
region in Texas (Hanson et al., 2013), and the Southern Rincon
Valley in New Mexico (Schmid and King, 2009). In addition, the
MODFLOW-FMP2 framework can be used to study conjunctive use
agricultural models (Hanson et al., 2010; Hanson and Schmid, 2013;
Schmid and King, 2009), allowing for irrigation strategies using
surface-water or groundwater. The ability of MODFLOW-FMP2 to
model multiple components of the water cycle, including incor-
poration of precipitation events, has also allowed its use in the
study of aquifer recharge and other basin management systems
(Hanson et al., 2008, 2014c; Hanson and Lockwood, 2012; Schmidt
et al., 2012).
Despite the numerous case studies involving the MODFLOW-
FMP2 simulation tool, it has yet to be used in a decision making
framework utilizing optimization algorithms to seek optimal stra-
tegies for water management. Facilitating the use of MODFLOW-
FMP2 with independently-developed optimization software pro-
vides a powerful new tool for decision makers. MODFLOW-FMP2 as
a simulator has already been used to influence policy and planning
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(Hanson et al., 2013, 2014b). However, its use within a flexible
optimization framework where model inputs can instead become
decision variables and model outputs can be used in mathematical
representations of resource management goals has not yet been
tested. This framework provides a tool in which stakeholders can
define their own objectives and still benefit from the sophisticated
modeling capabilities of the simulator.
Our focus in this work is the applicability of evolutionary algo-
rithms (EAs) to aid in agricultural decision making in terms of crop
selection using MODFLOW-FMP2 output. Evolutionary algorithms
are a member of the class of metaheuristic algorithms whose
candidate solutions to the optimization problem are chosen based
on evolutionary principles, for example mutation, reproduction,
and survival of the fittest (Holland,1992; Maier et al., 2014). EAs are
part of a broader class of optimization methods called derivative-
free or sampling algorithms because the search for optimality is
guided only by function evaluations. Classical methods for opti-
mization require locating critical points by setting the gradient of
the objective function to zero. For simulation-based optimization
problems, gradients may be difficult or impossible to determine
and approximations may be unreliable due to low-amplitude noise
from the simulation output. Thus, sampling methods such as an EA
are suitable for non-differentiable, non-convex, and discontinuous
objective functions. The use of EAs for a simulation-based crop-
planning first appeared in 2006 (deVoil et al., 2006). The authors
recognized the need for farming decisions to balance competing
objectives, requiring robust models as a tool to support the
decision-making process. More recent work pairing EAs with
simulation tools focuses on plantesoil interaction modeling with
an emphasis on bio-economic models in the presence of climate
change or policy constraints (Lehmann et al., 2013; Groot et al.,
2012; Lautenbach et al., 2013; deVoil et al., 2006). These studies
imply that the suite of feasible scenarios generated by an EA can
lead to significant improvement in farm-management in the
presence of competing objectives when compared to only evalu-
ating themodel itself at a set of selected planting options. However,
none of the studies focused on dynamic water allocations needed
for irrigation strategies using a regional scale hydrological and
agricultural model.
Towards this end, we used datasets for crops and subsurface
models included in the FMP2 download as tests cases for our study.
These datasets were generated using realistic parameter values for
typical crops and aquifers found in California; building our own
datasets would have incorporated uncertainty with regards to the
feasibility of our data into our study. We chose crops across the
spectrum of profitability and water usage to ensure competition
between potential objectives of different stakeholders.
In fact, themultiple competing objectives functions presented in
this study were developed by working together with farmers from
Reitter Affiliated Companies (http://www.berry.net/) in an initial
attempt to address concerns about water usage in the Pajaro Valley
berry growing region. Preliminary results from an optimization
study that did not use an underlying simulation tool have already
led to changes in farming practices (Bokhiria et al., 2014; Kupec,
2014). The ability to represent the farming cycle's impact on wa-
ter resources and the environment will further advance sustainable
farming practices. Collaborations between mathematicians, envi-
ronmental engineers, farmers, and policy makers are necessary and
the hope is this decision support tool can aid in that process. This
need is clearly stated in the Position Paper from this Thematic Issue
(Maier et al., 2014) and we attempt here to demonstrate how
optimization can be applied to consider management alternatives
using a reliable and powerful underlying model.
We proceed by describing the multi-objective models used for
decision making in Section 2 and the simulation and optimization
software in Section 3. Numerical experiments and a discussion of
the results, including optimization landscapes, are in Section 4 and
discussion and future research directions are in Section 5.
2. Problem formulation
The overarching optimization approach requires objective
functions to represent a farmers goals. These objectives may
include consideration of revenue and available resources. Ulti-
mately the farmermust choosewhich crops to plant to satisfy those
personal objectives. Given a set of NC crops, we choose as decision
variables the percentages of each crop planted at the time a deci-
sion is made. Decision points occur over a growing season as crops
are harvested, making previously occupied land available. Farmers
must opt to plant another crop or allow the land to “rest”. Each crop
in the portfolio has its own planting schedule, meaning it may be
planted one or more times per year. In those cases where a crop can
be planted more than once per year (e.g., lettuce, which can be
planted every four months in some regions of the country), a de-
cision variable is required at each planting opportunity. The choice
to plant based on the growing season means including a decision
variable only at the time of a planting opportunity, allowing the
optimization algorithm to act as a virtual farmer. We let xki denote
the percentage total acreage allocated to crop i planted at the kth
opportunity. We remove the superscript if there is one planting
opportunity for the crop.
In addition, various stakeholders in a given region may have
competing interests resulting in different planting schemes.
Stakeholders in a regionmay include farmers, nonagricultural land-
owners, ranchers, industries, developers, and residents. For
instance, farmers in a region would like to maintain profitability,
but must operate under water use restrictions imposed by water
management agencies. Crops differ in the amount of water
required, and farmers must make decisions when more profitable
crops requiremorewater. Imbalances between supply and demand,
in large part, determine the profitability of a given crop. During
periods of limited water availability, crops with higher water usage
have reduced supply, potentially increasing their profitability.
Integral to our study is a desire for flexibility so that the
simulation-based framework can easily be used for various per-
formance metrics, depending on the stakeholders being consid-
ered. We consider three objectives to demonstrate the capability of
the framework. Note, however, one of the advantages of
simulation-based optimization is the ability to define objective
functions outside the simulation tool; that is, the objective func-
tions rely only on output from the simulation model. Thus, any
modeling input or output could be adapted as a decision variable or
used within objective function and constraint evaluations,
respectively.
For this work, we consider growing practices that can maintain
profitability while also minimizing pumping to ensure sustainable
aquifer utilization. Additionally we know that in reality there exists
pressure due to market demands for crops of a certain type, which
if unmet can strongly change a grower's business dynamic. All three
of these objectives are naturally competing with almost exclusively
a low pumping crop option also being less profitable, a high profit
crop being a high water usage crop and demand being driven by
(often unpredictable) trends in consumer tastes/preferences at the
time of planting. We describe the three objectives in our formula-
tion and necessary constraints below.
2.1. Objective functions
The underlying purpose of the optimization problem is to select
crops based on trade-offs between revenue, water-use, and
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demand objectives. These objectives aim to provide a farmer with a
suite of feasible farm states that allow for crop selection based on
individual farming goals. We consider the simplified case associ-
ated with one planting decision for each crop (i.e. xi, i¼ 1,…,Nc) and
then those crops grow, yield, and are replanted with the same
distribution over two years. We chose to have one planting decision
made over a two year time frame not only to facilitate the problem
formulation, but also because conversations with berry farmers in
the Pajaro Valley of California indicated that, as a rule of thumb,
they will not significantly modify crop planting decisions by more
than 20% from year to year. In addition, the water and sales prices,
provided by the farmers and presented in (Bokhiria et al., 2014),
show there are time frames over which those values do not vary
significantly. The design space in this case is easier to analyze than
the case that involves changing the crop distribution after a harvest.
This allows us to focus more attention on the performance of the
optimizer relative to the performance of the simulator and the
evaluations of the objective functions.
We calculate the revenue generated from a crop portfolio as the
sales price times the yield of each crop minus the cost of water
required for irrigation. This is given by
Maximize P ¼
XNc
i¼0
½xi  Yi  Ci  A  Cw Wgw; (1)
where the decision variable xi is the fraction of crop i, Yi is the total
yield for crop i (Weight/L2), Ci is the sales price of crop i ($/Weight),
A is the acreage of the farm, Cw is the cost of groundwater pumping
($/L3), and Wgw is the volume of water extracted from the aquifer
(L3). Alternative revenue models could incorporate seed and labor
costs for the distribution of different crops as well as time varying
water prices (Bokhiria et al., 2014).
Water usage is based on the volume of water obtained per day
(units L3/T) via groundwater extraction. Let Nwells denote the
number of pumping wells in the model. The second objective is
given by
MinimizeWgw ¼
Xtf
t¼0
XNwells
j¼1
Vtj; (2)
where Vtj is the volume of water extracted fromwell j at time step t,
and tf is the final time for extraction. Given an initial farm state, the
MODFLOW-FMP2 simulation tool provides a volume of water ob-
tained from groundwater pumping at each time step. In addition,
the user is allowed to limit the total amount of pumping; we chose
13,000 m3/day as a pumping limit.
For the last objective, we seek to minimize the l2 norm of the
deviation from a specified demand
Minimize D ¼ kYa  Ydk2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXNc
i¼1
ðYaÞi  ðYdÞi
vuut ; (3)
where (Ya)i is the actual yield (Weight) and (Yd)i is the demand yield
(Weight) for crop i. For any crop, the yield, Ya, is not calculated by
MODFLOW-FMP2 but can be approximated based on the evapo-
transpiration data provided as output by the simulator. We use a
model given by the Food and Agriculture Organization of the United
Nations (FAO) (Steduto et al., 2012).

1 Ya
Ym

¼ Ky

1 ETa
ETm

; (4)
where Ym is the maximum yield in unstressed conditions (Weight),
ETa is the actual crop evapotranspiration (L/T), Ky is the crop water
production response coefficient, and ETm is the maximum crop
evapotranspiration in unstressed conditions (L/T).
We can find the maximum crop evapotranspiration ETa given a
known reference evapotranspiration (ET0) and crop coefficient (Kc)
using
ETm ¼ ET0  Kc:
In practice, given a reasonable estimate on the unstressed yield
for a given crop and the actual crop evapotranspiration, we can
estimate the actual yield for a given crop in both stressed and un-
stressed conditions, extending the robustness of our results to ac-
count for drought scenarios.
Since our decision variables are the fraction of each type of crop,
we require
XNc
i¼1
xi  1 (5)
at each planting decision. Note this also allows land to go fallow.
3. Simulation-based optimization software
One of the main deliverables of this work is providing a
framework facilitating the linkage between MODFLOW-FMP2 and
an optimization algorithm. For optimization, we use DAKOTA, a
software package from Sandia National Labs (Adams et al., 2009).
However, one of the primary purposes of this study was to un-
derstand the applicability of MODFLOW-FMP2 within a flexible
simulation-based setting, so ultimately any derivative-free opti-
mizer could be used. We proceed by describing this process and
provide background on the multi-objective genetic algorithm used
in the DAKOTA framework.
3.1. Wrapper design
Performance-based analysis of simulation-based optimization is
challenging, in part, because one must construct a flexible software
coupling between an optimizer and the simulation tools. The
coupling framework must obtain values of decision variables from
the optimization algorithm, construct input files for the simulation
tool, run the associated simulation, and return to the optimizer the
data needed for evaluation of the objective functions and con-
straints. It is straightforward, although potentially tedious, to write
the necessary computational instructions for one coupling of one
optimization algorithm and one simulation tool. The task is more
complicated if one wishes to analyze the performance of multiple
algorithms over a suite of simulation tools and problem
formulations.
We developed a communication tool between DAKOTA and
MODFLOW-FMP2 using object-oriented design to abstract both the
MODFLOW-FMP2 simulation and the optimization problem into
easily managed classes. We chose Python to implement the
abstraction, but the concepts can be realized in any language with
reasonable object-oriented support. This simplifies the process of
defining realistic farm systems, allowing us to focus on important
features of the system, instead of manipulating input files. Fig. 1
contains a flow chart showing the extent to which we are
abstracting the individual model components and the cyclic flow of
information throughout the optimization process.
Crop and farm properties are defined as instances of their
respective classes using a script. The object-oriented design enables
modifications of the input parameters in a simulation as well as
direct manipulations of any simulation parameter. Complete de-
scriptions of the input requirements for MODFLOW-FMP2 and
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MODFLOWare provided in their respective user's manuals (Schmid
and Hanson, 2009; Harbaugh, 2005). The wrappers used in this
work as well as the objective function subroutines and the data files
for the test problem described below are available for download at
http://people.clarkson.edu/kfowler/Sustainability.html.
3.2. Optimization algorithm
DAKOTA provides a suite of optimization strategies for a range of
simulation-based scenarios and is an ideal framework for this study
since it is open-source and flexible (Adams et al., 2009). Under-
standing the applicability of optimization algorithms, in particular
evolutionary algorithms, to real-world problems is an active area of
research (Maier et al., 2014). As mentioned above, agricultural
management requires addressing multiple, competing objectives,
and previous studies have shown EAs have performed well in
related settings (Lehmann et al., 2013; Groot et al., 2012;
Lautenbach et al., 2013; deVoil et al., 2006). To this end, we chose
the multi-objective genetic algorithm (MOGA) developed by Eddy
and Lewis (2001) and implemented in the DAKOTA framework.
Since the objectives are competing, there is no single solution
that simultaneously optimizes each objective. A multi-objective
approach instead provides a set of points, giving stakeholders the
ability to analyze trade-offs between points. In general, genetic
algorithms move through “generations” of evaluation points by
assessing the fitness of members of the generation and selecting
members to continue to the next generation (through mutation or
cloning), parent offspring for the next generation, or die (i.e.
removing those points from the population). In a multi-objective
setting the population evolves towards a set in which the points
are non-dominated, known as a Pareto set. A non-dominated point
has the property that its fitness cannot improve with respect to one
objective without degrading the value of another.
The basic steps of the algorithm are to initialize a population,
evaluate the objective function and constraints, perform crossover
and mutation, evaluate the new population members and assess
the fitness of each population. Population members are then
replaced to continue to the next generation. Termination of the
optimization can be based on a maximum number of function
evaluations (or iterations) or on performance metrics. The perfor-
mance metrics track changes in the population from generation to
generation. Finally, a post processing step reduces the final solution
set so that a minimum distance exists between any two design
points. There are a variety of algorithmic parameters that impact
the search behavior of MOGAs. The parameter values we consid-
ered are specified in Table 1. For this study, we chose to initialize the
population randomly and use default settings except that we vary
the population size and mutation rate. In particular, we consider
four different initial population sizes and two mutation rates to
assess their impact on the quality of the solution set. We present
those analyses in Section 4.
4. Numerical experiments
The numerical experiments were constructed to evaluate the
functionality of the coupling strategy between MODFLOW-FMP2
and an optimization algorithm, the ability of the MOGA to
generate feasible solutions, and the sensitivity of our problem
formulation. We consider the resulting pumping requirements for
selected planting strategies provided by the optimizer to demon-
strate the variety of choices provided to farmers. The resulting
trade-off curves highlight the nature of the objective functions and
the ability of theMOGA to provide a broad range of solutions for the
stakeholders. To understand the performance of the MOGA, we
considered four different population sizes and two mutation rates
and assessed the impact on the final solution sets. In addition, we
generate optimization landscapes to gain insight into the design
space, which is dependent on the output from MODFLOW-FMP2.
We build our optimization problem using a hydrological model
taken from theMODFLOW-FMP2 simulation set, which we describe
in detail below. We then describe the crops chosen for this study
followed by the results.
4.1. Hydrological setting
The problem formulation used a dataset that was designed to
demonstrate the capabilities of MODFLOW-FMP2. We note that
while this is a hypothetical test case, the test problems included in
the MODFLOW-FMP2 software package are intended to be as
realistic as possible (Schmid and Hanson, 2009). Using a repre-
sentative, pre-validated hydrological model formulation (i.e., using
Fig. 1. Framework for pairing MODFLOW-FMP2 with DAKOTA. The user can provide any objective functions of interest using output from the simulation tool and use any input to
FMP2 as decision variables.
Table 1
MOGA parameter values (default settings except for population size and mutation
rate).
Optimization
parameter
Setting Optimization
parameter
Setting
Population sizes 150, 175, 200, 225 Crossover type Shuffle random
Initialization type Unique random Fitness type Layer rank
Mutation type Replace uniform Convergence
condition
<5% change over 5
generations
Mutation rates 0.08, 11
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an existing dataset) allows us to focus more attention on the proof-
of-concept for the interface and the associated performance of the
optimization. The model includes a 10 km by 11.5 km region with
multiple farms, urban zones, riparian zones (interfaces between
land and streams), and areas of natural vegetation. The water
management system includes multiple wells, stream inflows and
outflows, and natural precipitation.
The topography slopes downward from west to east and con-
verges from the north and south toward a riparian region along the
eastern edge. The underlying geology contains 7 layers: four aquifer
layers separated by three layers of confining material (Schmid and
Hanson, 2009). The aquifer nearest the surface is unconfined with
varying depth. The remaining (confined) layers are uniformly 60 m
thick, with each layer of confining material between 5 m and 15 m
thick. The saturated hydraulic conductivity (a measure of the ability
of the aquifer to transmit fluid) varies from 10 m/d in the aquifer
nearest the surface to 0.15 m/d in the aquifer furthest from the
surface.
The example region is divided by a stream flowing west to east.
The stream flow into the domain is prescribed at 50,000e100,000
cubic meters per day. No fluid flow is allowed into the region
through the northern and southern boundaries. The eastern and
western boundaries have general head boundaries. These specify a
head-dependent flux designed to mimic known groundwater head
at a specified distance. The topography and boundary conditions
dictate a west-to-east directional groundwater flow.
The model domain consists of a 20 23 grid, where each cell
within the grid is associated with a specific farm type. The pro-
duction farm is modeled using a 1010 block of cells in the upper
left corner of the domain. The riparian vegetation zone is
comprised of a block of 25 cells lying along the east boundary, and
the remaining cells are associated with native vegetation land-
scape. A schematic of the model domain is given in Fig. 2, with the
different regions represented by distinct colors. The orange cells
denote the production farm, the green cells denote the riparian
region, and the dark gray cells denote the native vegetation. The
blue circles show the locations of the wells, while the blue line
represents a stream. The production farm is the focus of the
simulation, but the properties associated with the surrounding
landscape also affect the dynamics of the simulation.
In practice, the physical composition of the subsurface impacts
the optimization as soil properties govern runoff and inefficiencies
in the irrigation system. Our test problem consists of three different
soil types which are predefined in MODFLOW-FMP2. The soil types
are silt, sandy loam, and silty clay. Their distribution is shown in
Fig. 3.
Several adjustments were made to allow for a more definitive
assessment of the performance of the optimization algorithm and
the coupling strategy. In particular, we reduced the number of
farms to three; an agricultural farm, a riparian zone, and an area of
native vegetation. We consider five crops: three are agricultural
products of the farm (our decision variables), one is the vegetation
in the riparian zone, and the final is the native vegetation. In this
model crops receive water through irrigation or precipitation only,
with a uniform distribution across all crops. Four extraction wells
are included in the model and all other water delivery options were
not used. The crop distribution, which is specified by the optimizer,
is set for the entire simulation. We incorporate precipitation data
taken from a weather station in California from January
2012eDecember 2013 (CIMIS, 2014). The volumetric flow rates for
the precipitation are shown in Fig. 5 (the dashed line) which varies
significantly over the two years and includes two periods of
drought.
4.2. Crops
We seek the optimal planting scenario given a systemwith three
options for crop selection based on alfalfa, lettuce, and straw-
berries, which we refer to as Crop 1, Crop 2, and Crop 3 respectively.
Each crop is defined by competing properties. Crop 1 requires the
most irrigation, is the most profitable, but has moderate demand.
Crop 2 has low irrigation requirements, is the least profitable, and
has the lowest demand. Crop 3 uses a moderate amount of irriga-
tion, has moderate profitability, yet has the highest demand of the
three crops. Specific model parameters for the crops used in our
Fig. 2. Diagram of test problem farm configuration. The orange cells denote farm re-
gions, dark gray cells are native vegetation, and green cells are riparian vegetation. The
blue line represents a river, and blue circles denote wells. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
Fig. 3. Distribution of soils throughout our model domain. Light blue cells are silt,
green cells are sandy loam and beige cells are silty clay. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
Fig. 4. Water usage from pumping over time (sold line) in relation to the precipitation
(dashed line) with crop fractions fixed to those in Table 3.
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simulation are provided in a database with the MODFLOW-FMP2
source code.
The objective functions were evaluated using the crop data in
Table 2 taken from Undersander (2002), Barnett (2014), Annual
Statistics Bulletin (2012), Commodity Pricing, Demchak et al. and
Boriss et al. We use Cw¼ 0.06 $/m3 as the price of water.
4.3. Results
We performed a suite of numerical experiments using popula-
tion sizes of 150, 175, 200, and 225 and mutation rates of 0.8 and
0.11. Computations were run on a LinuxWorkstationwith 2 Eight-
Core AMD Opteron processors using DAKOTA version 5.4 and
MODFLOW-2005 version 1.6.01 with FMP2 compiled using stan-
dard optimization flags. Since the MOGA uses random initial pop-
ulations, optimization trials were run 30 times for each
configuration, resulting in a total of 240 optimization runs.
The MOGA offers a final set of solutions so that stakeholders can
observe trade-offs and analyze design points to aid in planting
choices. Recall with competing objectives there is no single solution
that will optimize all the objective functions. However, DAKOTA
also identifies a “best” point in the Pareto set defined in terms of
distance from the so-called utopia point. The utopia point is defined
as the point of extreme best values for each objective. An example
from the DAKOTA manual (Adams et al., 2009) highlights this
concept. Consider minimizing two objectives simultaneously. If the
Pareto front is bounded by (1100) and (90,2), then (1,2) is the utopia
point. There will be a point in the Pareto set that has minimum l2-
norm distance to this point. For our problem, each design point
corresponds to the fraction of land allocated to Crops 1, 2, and 3.We
provide the mean and standard deviation for best solutions from
the 240 optimization experiments in Table 3. We also provide the
data for the three objective values and the fraction of land allowed
to go fallow. Crop 3 has the largest allocation (67%), which is
consistent with the fact that it is in the middle in terms of water
usage and sales price. Crops 1 and 2 each average around 6% of the
land allocation, which is reasonable since there should be some
contribution to meeting the demand objective.
4.3.1. Selected planting scenarios
We ran MODFLOW-FMP2 using the crop distributions in Table 3
to illustrate the water usage in relation to the precipitation data
incorporated in the model. This is shown in Fig. 4. The behavior
shows that during times of insignificant precipitation, pumping is
required.
One benefit of obtaining a Pareto set is that stakeholders can
select points based on their own criteria. For example, Fig. 5 shows
the water usage for one solution with the crop fractions set to
(0.40,0.12,0.48) for Crops 1, 2, and 3 respectively. A comparison of
the objective values gives a 78% increase in revenue but nearly four
times as much water is required. In addition, the new point is 30%
closer to meeting the demand. These results highlight how the
optimizationesimulation approach can provide choices for farmers
based on their own priorities.
4.3.2. Optimization performance
For any given optimization experiment we can analyze the
trade-off curves between any of the two objectives, which is an
inherent strength in using a MOGA in this setting. In fact, these
trade-off curves offer alternative solutions to stakeholders based on
their own willingness to compromise between competing objec-
tives. We show those in Fig. 6a through c and include a Pareto
scatter plot for all three objectives in Fig. 6d. These figures were
generated using a population size of 225 and mutation rate of 0.11.
The trade-off curves for the revenue and demand objectives
(Fig. 6b) and for the water usage and demand objectives (Fig. 6a)
show the competing nature of these goals. This also validates that
the output from the FMP2 simulations can be used to model the
various growing features for the selected crops and provide the
appropriate assessments for decision making. In addition, in Fig. 6c
the linear dependence of the revenue on the water usage is clear.
However, including water usage as a separate objective provides
the framework for more sophisticated revenue models that will
necessarily incorporatewater usage costs. The scatter plot in Fig. 6d
shows that the space-filling set of solutions provided by the EA
offers farmers a variety of planting options.
One approach to understanding the impact of algorithmic pa-
rameters on the final results is to use an analysis of variance
(ANOVA) where the algorithm parameters are considered the fac-
tors and their different values are taken as the levels. A perfor-
mance metric is used as the response and the analysis shows
whether or not changes in the optimization algorithm parameters
have a significant effect on the performance of the algorithm itself.
This method can be used to tune optimization algorithms to
improve their efficiency for certain classes of problems (Matott
et al., 2006). Here we use this approach to understand if changing
the population size and mutation rate has a significant impact on
the optimization results. We used the hypervolume of the non-
Fig. 5. Water usage from pumping over time (sold line) in relation to the precipitation
(dashed line) for crop fractions set to (0.40, 0.12, 0.48).
Table 2
Model parameters for each crop. Note the relative values between crops for each
parameter, giving each an advantage with respect to a distinct objective.
Crop 1 2 3
Yield (Y: Metric Ton/acre) 9.072 2.722 4.536
Sales Price (Ci: $/Metric Ton) 196.3 604.6 1373.2
Demand (Yd: Metric Tons) 14,059 4535 9977
Table 3
Mean and standard deviation for the best points (fraction of each crop), function
values, and fraction of fallow land obtained from the optimization experiments.
Mean Std. dev
Crop 1 0.06 0.03
Crop 2 0.06 0.03
Crop 3 0.67 0.11
Revenue ($) 14,316,868 3,534,968
Water (m3) 15,929,621 4,583,874
Demand deviation (Metric Tons) 13,365 1163
Fallow 0.21 0.11
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dominated space at each generation as a performance metric since
DAKOTA uses this metric to guide the optimization. The hyper-
volume has been shown to be an effective metric in comparing the
performance of various EAs and has also been shown to be safer
than many other metrics in that it is Pareto-compliant (Fonseca
et al., 2005; Zitzler and Thiele, 1999; Minella et al., 2008). Pareto-
compliancy indicates that the metric is not susceptible to cases
where, when comparing two Pareto front approximations, the front
themetric identifies as superior is actually theworse of the two.We
use the hypervolume to provide a basis of comparison for the
performance of the optimizer given combinations of different
population sizes and mutation rates. Since we consider multiple
optimization trials, a reference Pareto front was calculated using
the combined results of all of our individual optimization runs. An
epsilon non-dominated sort is then performed using software
produced by Woodruff and Herman (Woodruff and Herman, 2013)
and based the algorithm developed by Deb et al. (2005). This
returns only those population members which are part of the
Pareto front. The hypervolume of the reference Pareto front is then
calculated via the same formula used by DAKOTA in its internal
calculations (Adams et al., 2009).
H ¼
Y
j
rangeðjÞ; (6)
where H is the hypervolume, j represents a given objective and the
range (j) is the difference between the maximum and minimum
values of an objective. Finally, we use the hypervolume at the end of
each trial and compute a ratio in comparison the reference hyper-
volume in our ANOVA.
By considering associated p-values, the ANOVA indicated the
algorithm parameters had no significant impact on the size of the
resulting hypervolumes. The box plots summarizing the data for
eight different sets of algorithmic parameters are shown in Fig. 7.
Even though the hypervolume metric is not sensitive to the
parameter sets, this doesn't necessarily indicate the algorithm is
Fig. 6. Trade off curves and Pareto scatter plot for three objectives.
Fig. 7. Box plot of hypervolume data metrics for the different population sizes and
mutation rates. Note the insensitivity to changes in algorithmic parameters.
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performing well. To better understand the iteration history, we
consider the size of the hypervolumes as the optimization pro-
gresses. Fig. 8 shows the hypervolume sizes as the number of
function evaluations increases, generated using the output from the
30 trials with a population size of 175 and a mutation rate of 0.11.
Multiple plots of this type were generated and all showed similar
behavior. The size of the hypervolumes shows no significant change
long before the function evaluation budget is exceeded, indicating a
higher budget would not necessarily improve the results.
4.4. Optimization landscapes
For this problem, it is straightforward to generate optimization
landscapes by fixing one crop distribution and letting the other two
vary over the feasible region while evaluating the demand, water
usage, and profit objectives. These are shown in Figs. 9 through 11c.
Specifically, the landscapes were generated by fixing one crop then
varying the other two by increments of 0.02. The crop fractions for
these figures were set to Crop 1 fixed at 0.25, Crop 2 at 0.27, and
Crop 3 at 0.36. These values were chosen to capture a snapshot of
each crops properties (in terms of profitability, water use, and de-
mand) on those competing objectives. These assignments allow the
other two crops to vary over awide range of values as an attempt to
illustrate features of the landscapes. For example, a value of crop 3
at 0.36 means the for all other combinations of crops 1 and 2, crop 3
will still be the highest, which highlights the fact that crop 3 has the
highest demand. Since the decision variables are the fractions of
crops allocated to the farm and this fraction is then implemented in
the FMP2 framework, the accuracy is limited to 0.001. For example,
if the optimizer suggested 0.322 as a fraction for Crop 1, this would
be implemented as 0.32 in our 100 cell example. This generated a
total of nine landscapes, and we show a representative subset here.
Since the deviation from demand is modeled using the l2 norm,
the landscapes in which a crop is fixed are naturally quadratic, as
seen in Fig. 9. The other two demand landscapes looked similar.
Recall that the water usage for Crop 1 was the highest, Crop 2
was the lowest, and Crop 3 was in the middle. We show the cor-
responding surface for Crop 3 fixed in Fig. 10. The result shows
small plateaus in the optimization landscapes and large regions
with minimal changes in water usage. These properties create local
minima that can trap gradient based methods or stencil based
methods when a sufficiently small increment is used (Fowler et al.,
2004, 2008). Fig. 10 demonstrates the output from physically-
based, multi-model simulators can result in challenging land-
scapes for classic optimization approaches. This supports the choice
of an EA, which doesn't require gradients, and has strong global
search properties to avoid local minima.
We show all three scenarios for the revenue landscapes in
Fig. 11a through c. Overall, these landscapes demonstrate the
impact of heavily water-dependent crops on revenue. In Fig. 11a,
Crop 1, which is the most water-intensive crop with the largest
sales price, is fixed. The landscape shows linear dependence of
revenue on the other two crops. However, once Crop 1 is allowed to
vary, as in Fig. 11bec, the landscapes are no longer uniformly linear.
Specifically, observe that for roughly 20% of Crop 1 and 53% of
Crop 3, there is a distinct maximum revenue as shown in Fig. 11b.
Note that while it appears from a brief glance that Crop 3 produces
the greatest revenue per acre, crops such as alfalfa are able to
produce multiple yields per growing season. This in addition to the
nonlinearity in our revenue objective introduced by inclusion of
water costs adds complexity to what would otherwise be a simple
outcome for our revenue results.
In Fig. 11c, Crop 3 is fixed. The landscape shows that after
roughly 20% of Crop 1 is planted, the revenue landscape plateaus.
Given a limit on groundwater extractions, planting too much of
Crop 1 could lead to a deficit irrigation situation. In a deficit situ-
ation yield is affected thereby leading to a decrease in revenue.
5. Conclusions and future work
This was a first effort to exploit the sophisticated interactions of
the agricultural-ground water flowmodel MODFLOW-FMP2 within
Fig. 8. Iteration history for 30 optimization trials with a population size of 175 and
mutation rate of 0.11 showing primarily insignificant changes in the hypervolume size
after a sufficient number of function evaluations.
Fig. 9. Demand landscape for Crops 1 and 3 while Crop 2 is fixed at 0.27. Note the
quadratic surface.
Fig. 10. Water usage landscape for Crops 1 and 2 while Crop 3 is fixed at 0.36.
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an optimization framework. This work facilitates future studies
which will assess the impact of farm-scale or regional scale agri-
cultural practices on underlying aquifers by moving beyond the
simple comparisons from running different model scenarios. Our
approach shows thatMODFLOW-FMP2 can be used in a simulation-
based design framework to allow for flexibility in choosing opti-
mization tools, analyzing the impacts of model parameters on
farming decisions, and considering a broad range of critical objec-
tive functions. The multi-objective evolutionary algorithm (MOGA)
chosen from the DAKOTA optimization package provided promising
results on the three competing objectives. The DAKOTA software
tool offers a suite of optimization options; we chose MOGA since as,
an evolutionary algorithm, it naturally has strong space-filling and
global search capabilities. The use of MOGA within DAKOTA also
directly facilitates the analysis of trade-off curves and provides
performance metrics. Future work will include a comparison of
optimization approaches as well as modeling scenarios to better
understand performance interactions and provide further guidance
in choosing optimization strategies.
There are, however, a number of directions for advancing this
research. In particular, a next step is to allow for dynamic planting
decisions so that when a crop is harvested, the optimizer may act as
a dynamic virtual farmer to select from the feasible set of crops
available for planting. This more realistic scenario requires addi-
tional constraints to manage the growing and harvesting schedules
of crops (Bokhiria et al., 2014). In addition, the time horizons need
to be extended to allow for increased variation of water prices, sales
prices, labor fixed costs, market demands, and other factors not
considered in the revenue and profit models used here.
Additional constraints enforcing the maximum 20% fluctuations
in crop portfolios or other common farming practices could be
included, but focused collaborations between the farming and
scientific communities are needed to better understand the dy-
namics behind the farming realities. Moreover, imposing a wider
range of hydrological or conjunctive use constraints, e.g., limiting
values of hydraulic head at pumping wells near critical features of
the domain, should be enforced to better understand the under-
lying models. Previous work (Fowler et al., 2004, 2008) highlighted
the influence these types of constraints have on optimization
landscapes, leading to non-convexities and discontinuous feasible
regions and further supporting the use of evolutionary algorithms
as a global search tool.
Perhaps the greatest opportunity for extensions of this work is
in the development and testing of relevant objective functions to
represent the interest of stakeholders in a given region. An
advantage of this simulationeoptimization framework is that
essentially any input and output from the simulator can be used to
guide decision makers. A user is free to design any objective rep-
resenting their own interest given that MODFLOW-FMP2 can pro-
vide the relevant output for a function evaluation. This work is only
a starting point for understanding howonemight take advantage of
the detailed, predictive capabilities of that software. For example,
although the types of crops in this problemwere fixed, an alternate
formulation may allow the optimizer to determine crop model
parameters leading to sustainable water usage. In that case, solu-
tions would provide lists of the types of crops ideal for a given
region and climate. In addition, the focus of this work was on
reducing groundwater pumping through crop selection.
MODFLOW-FMP2 incorporates multiple irrigation strategies that
can also be considered in other management objectives. Future
work will incorporate the recently released MODFLOW-OWHM
simulation tool (Hanson et al., 2014a), a modification of
MODFLOW-FMP2 which includes, in part, better metrics for water
tracking and an enhancement of conjunctive use models.
Sensitivity analyses are recommended with the development of
new objectives to understand the impact of physical model pa-
rameters on problem solutions, as well as the impact of numerical
parameter settings (such as grid resolution or internal solver tol-
erances, see Farthing et al. (2012)) and optimization algorithmic
parameter settings. In this work, we used an ANOVA approach to
show that for our three objectives, results were not sensitive to the
population size and mutation rate. As pointed out in the work by
Maier et al. (2014), understanding the fundamental algorithm
search behavior and algorithm performance assessments are on-
going research challenges when applying metaheuristics to water
resource problems.
Since the simulation-model is decoupled from the optimizer,
only the management of input and output is required. We should
note that manipulating the data files for MODFLOW-FMP2 requires
Fig. 11. Revenue landscapes.
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knowledge of the underlying models and can take effort to
implement. The open-source GUI Model Viewer, also developed by
the USGS, is a helpful tool in creating the necessary hydrological
models underlying the farm process models used by MODFLOW-
FMP2 (Sieh and Winston, 2002). The MODFLOW-FMP2 software
package provides several examples to facilitate the creation of farm
models as well as a database with over 450 crop parameters
(Schmid and Hanson, 2009).
To promote the use of the simulationeoptimization framework
presented here, the hydrological data files for the example problem
presented in this paper as well as the python wrappers and
objective functions are provided online at http://people.clarkson.
edu/kfowler/Sustainability.html. The required links to compile
DAKOTA and MODFLOW-FMP2 are provided.
Acknowledgments
The authors wish to thank Dr. Randall Hanson of the United
States Geological Survey for his assistance in coupling external
software with the MODFLOW-FMP2 simulation tool, as well as the
many useful discussions and insights on various aspects of the
simulation tool. We also thank Dr. Stacy Howington of ERDC USACE
for guidance on the hydrology. We also thank Stephen Carter of
Mathworks for his initial algorithm development. This work was
supported in part through an American Institute of Mathematics
SQuaRE grant.
References
Adams, B., Bauman, L., Bohnhoff, W., Dalbey, K., Ebeida, M., Eddy, J., Eldred, M.,
Hough, P., Hu, K., Jakeman, J., Swiler, L., Vigil, D., Dec. 2009. DAKOTA: a Multi-
level Parallel Object-oriented Framework for Design Optimization, Parameter
Estimation, Uncertainty Quantification, Rapid Nutrient Load Reduction during
Infiltration of Managed Aquifer Recharge in an Agricultural Groundwater Basin:
Pajaro Valley, California and Sensitivity Analysis: Version 5.4 User's Manual.
Technical Report SAND2010e2183. Sandia National Laboratories (updated April
2013).
Annetts, J.E., Audsley, E., 2002. Multiple objective linear programming for envi-
ronmental farm planning. J. Oper. Res. Soc. 53 (9), 933e943.
Annual Statistics Bulletin, http://www.nass.usda.gov (online, 2012).
Baker, T., McCarl, B., 1982. Representing farm resource availability over time in
linear programs: a case study. N. Cent. J. Agric. Econ. 4, 59e68.
Barnett, K., Feb. 2014. Weekly Hay Market Demand and Price Report for Upper
Midwest as of February 14, 2014. http://www.uwex.edu/ces/forage/pubs/hay_
market_report.htm (online).
Beneke, R., Winterboer, R., 1984. Linear Programming. Applications to Agriculture.
Aedos.
Bokhiria, J., Fowler, K., Jenkins, E., 2014. Modelling and optimization for crop
portfolio management under limited irrigation strategies. J. Agric. Environ. Sci.
2, 1e13.
Boriss, H., Brunke, H., Kreith, M., Commodity Strawberry Profile, http://www.agmrc.
org/commodities__products/fruits/strawberries/commodity-strawberry-
profile/ (online).
Chappelle, C., Hanak, E., Mount, J., Sep. 2014. Reforming California's Groundwater
Management. Tech. Rep.. Public Policy Institute of California http://www.ppic.
org/main/publication_show.asp?i¼1106.
Charles, D., Oct. 2013. Kansas Farmers Commit to Taking Less Water from the
Ground. http://www.npr.org/blogs/thesalt/2013/10/22/230702453/in-kansas
(Online; posted 22.10.13.).
CIMIS, Apr. 2014. California Irrigation Management Information System. http://
www.cimis.water.ca.gov/cimis/welcome.jsp. Sacramento Valley e Davis e 6
Weather Station, January 2012eDecember 2013.
Commodity Pricing, http://www.thepacker.com (online).
Condon, L., Maxwell, R., 2014. Feedbacks between managed irrigation and water
availability: diagnosing temporal and spatial patterns using an integrated hy-
drologic model. Water Resour. Res. 50 (3), 2600e2616.
Condon, L., Maxwell, R., 2014. Groundwater-fed irrigation impacts spatially
distributed temporal scaling behavior of the natural system: a spatio-temporal
framework for understanding water management impacts. Environ. Res. Lett. 9
(3), 9.
Deb, K., Mohan, M., Mishra, S., 2005. Evaluating the ε-domination based multi-
objective evolutionary algorithm for a quick computation of Pareto-optimal
solutions. Evol. Comput. J. 13 (4), 501e525.
Demchak, K., Harper, J., Klime, L. Strawberry Production, http://extension.psu.edu/
business/ag-alternatives/horticulture/fruits/strawberry-production#section-4
(online).
deVoil, P., Rossing, W., Hammer, G., 2006. Exploring profit e sustainability trade-
offs in cropping systems using evolutionary algorithms. Environ. Model.
Softw. 21, 1368e1374.
Dury, J., Schaller, N., Garcia, F., Reynaud, A., Bergez, J., 2011. Models to support
cropping plan and crop rotation decisions: a review. Agron. Sust. Dev. http://
dx.doi.org/10.1007/s13593-011-0037-x.
Eddy, J., Lewis, K., 2001. Effective Generation of Pareto Sets Using Genetic Pro-
gramming, pp. 1e9. Proceedings DETC '01: ASME 2001 Design Engineering
Technical Conferences, Pittsburgh, PA.
El Nazer, T., McCarl, B., 1986. The choice of crop rotation: a modeling approach. Am.
J. Agric. Econ. 68 (1), 127e136.
Farthing, M., Fowler, K., Fu, X., Davis, A., Miller, C., 2012. The effect of model reso-
lution on a set of community problems for optimal design in water resources.
Adv. Water Resour. 38, 27e37.
Faunt, C., 2009. Groundwater Availability of the Central Valley Aquifer. California,
Professional Paper 1766. U. S. Geological Survey.
Fonseca, C., Knowles, J., Thiele, L., Zitzler, E., 2005. A tutorial on the performance
assessment of stochastic multiobjective optimizers. In: Third International
Conference on Evolutionary Multi-criterion Optimization (EMO 2005), vol. 216,
p. 240.
Fowler, K., Kelley, C., Miller, C., Kees, C., Darwin, R., Reese, J., Farthing, M., Reed, M.,
2004. Solution of a well-field design problemwith implicit filtering. Optim. Eng
5 (2), 207e234.
Fowler, K., Reese, J., Kees, C., J. D. Jr., , Kelley, C., Miller, C., Audet, C., Booker, A.,
Couture, G., Darwin, R., Farthing, M., Finkel, D., Gablonsky, J., Gray, G., Kolda, T.,
2008. Comparison of derivative-free optimization methods for groundwater
supply and hydraulic capture community problems. Adv. Water Resour. 31 (5),
743e757.
Groot, J., Oomen, G., Rossing, W., 2012. Multi-objective optimization and design of
farming systems. Agric. Syst. 110, 63e77.
Hanak, E., Lund, J., Dinar, A., Gray, B., Howitt, R., Mount, J., Moyle, P., Thompson, B.,
Feb. 2011. Managing California's Resources: from Conflict to Reconciliation.
Tech. Rep.. Public Policy Institute of California http://www.ppic.org/main/
publication.asp?i¼944.
Hanson, R., Lockwood, B., 2012. Hydrologic Model Analysis of Basin Management
Plan Alternatives. Tech. Rep., Hydrometrics, Consulting Report Provided to
Pajaro Valley Water Management Agency.
Hanson, R., Schmid, W., 2013. Economic Resilience through “One-water” Manage-
ment. Open File Report 2013-1175. U. S. Geological Survey.
Hanson, R., Sweetkind, D., 2014. Water Availability in Cuyama Valley, California. Fact
Sheet FS2014e3075. U.S. Geological Survey.
Hanson, R., Schmid, W., Lear, J., Faunt, C., 2008. Simulation of an aquifer-storage-
and-recovery (ASR) system for agricultural water supply using the farm pro-
cess in MODFLOW for the Pajaro Valley, Monterey Bay, California. In: MOD-
FLOW and More 2008: Groundwater and Public Policy. International Ground
Water Modeling Center, Colorado School of Mines, pp. 501e505.
Hanson, R., Schmid, W., Faunt, C., Lockwood, B., 2010. Simulation and analysis of
conjunctive use with MODFLOW's farm process. Ground Water 48 (5),
674e689.
Hanson, R., Flint, L., Flint, A., Dettinger, M., Faunt, C., Cayan, D., Schmid, W., 2012.
A method for physically based model analysis of conjunctive use in response to
potential climate changes. Water Resour. Res. 48, 23.
Hanson, R., Schmid, W., Knight, J., T. M. III, , 2013. Integrated hydrologic modeling of
a transboundary aquifer system e Lower Rio Grande. In: MODFLOW and More
2013: Translating Science into Practice. International Ground Water Modeling
Center, Colorado School of Mines, p. 5.
Hanson, R., Boyce, S., Schmid, W., Hughes, J., Mehl, S., Leake, S., T. M. III, ,
Niswonger, R., 2014. One-water Hydrologic Flow Model (OWHM). Techniques
and Methods 6eA51. U.S. Geological Survey. http://pubs.usgs.gov/tm/tm6a51/.
Hanson, R., Lockwood, B., Schmid, W., 2014. Analysis of projected water availability
with current basin management plan, Pajaro Valley, California. J. Hydrol. 519
(A), 131e147.
Hanson, R., Flint, L., Faunt, C., Gibbs, D., Schmid, W., 2014. Hydrologic Models and
Analysis of Water Availability in Cuyama Valley, California. Science In-
vestigations Report 2014-5150. U.S. Geological Survey. http://dx.doi.org/10.
3133/sir20145150/.
Harbaugh, A., 2005. MODFLOW-2005: the U.S. Geological Survey Modular Ground-
water Model: the Groundwater Flow Process. U.S. Geological Survey Techniques
and Methods 6eA16.
Holland, J., 1992. Adaptation in Natural and Artificial Systems. MIT Press, Cam-
bridge, MA.
Keating, B., Carberry, P., Hammer, G., Probert, M., Robertson, M., Holzworth, D.,
Huth, N., Hargreaves, J., Meinke, H., Hochman, Z., McLean, G., Verburg, K.,
Snow, V., Dimes, J., Silburn, M., Wang, E., Brown, S., Bristow, K., Asseng, S.,
Chapman, S., McCown, R., Freebairn, D., Smith, C., 2003. An overview of APSIM,
a model designed for farming systems simulation. Eur. J. Agron. 18, 267e288.
Kenny, J., Barber, N., Hutson, S., Linsey, K., Lovelace, J., Maupin, M., 2009. Estimated
Use of Water in the United States in 2005. USGS Circular 1344. U.S. Geological
Survey.
Klein, T., Holzkaemper, A., Calanca, P., Fuhrer, J., 2012. Identifying optimum strate-
gies for land management adaptation to climate change e a multiobjective
approach. In: Seppelt, R., Voinov, A., Lange, S., Bankamp, D. (Eds.), 2012 Inter-
national Congress on Environmental Modelling and Software, Managing Re-
sources of a Limited Planet, Sixth Biennial Meeting. International
Environmental Modelling and Software Society (iEMSs), Leipzig, Germany,
K.R. Fowler et al. / Environmental Modelling & Software xxx (2014) 1e12 11
Please cite this article in press as: Fowler, K.R., et al., A decisionmaking frameworkwith MODFLOW-FMP2 via optimization: Determining trade-
offs in crop selection, Environmental Modelling & Software (2014), http://dx.doi.org/10.1016/j.envsoft.2014.11.031
pp. 621e630. In: http://www.iemss.org/society/index.php/iemss-2012-
proceedings.
Kupec, I., 2014. Strawberries with a Thirst. http://www.nsf.gov/discoveries/disc_
summ.jsp?org¼NSF&cntn_id¼131827&preview¼false (online; posted
01.07.14.).
Lautenbach, S., Volk, M., Stauch, M., Whittaker, G., 2013. Optimization-based trade-
off analysis of biodiesel crop production for managing agricultural catchment.
Environ. Model. Softw. 48, 98e112.
Lehmann, N., Finger, R., Klein, T., Calanca, P., Walter, A., 2013. Adapting crop man-
agement practices to climate change: modeling optimal solutions at the field
scale. Agric. Syst. 117, 55e65.
Maier, H., Kapelan, Z., Kasprzyk, J., Kollat, J., Matott, L., Cunha, M., Dandy, G.,
Gibbs, M., Keedwell, E., Marchi, A., Ostfeld, A., Savic, D., Solomatine, D., Vrugt, J.,
Zecchin, A., Minsker, B., Barbour, E., Kuczera, G., Pasha, F., 2014. Evolutionary
algorithms and other metaheuristics in water resources: current status,
research challenges and future directions. Environ. Model. Softw. 62, 271e299.
Matott, L., Bartlelt-Hunt, S., Rabideau, A., Fowler, K., 2006. Application of heuristic
techniques and algorithm tuning to a multilayered sorptive barrier system.
Environ. Sci. Technol. 40 (2), 6354e6360.
Maupin, M., Kenny, J., Hutson, S., Lovelace, J., Barber, N., Linsey, K., 2014. Estimated
Use of Water in the United States in 2010. Circular 1405. U.S. Geological Survey.
http://dx.doi.org/10.3133/cir1405.
McGuire, V., Johnson, M., Schieffer, R., Stanton, J., Sebree, S., Verstraeten, I., 2002.
Water in Storage and Groundwater Management Approaches, High Plains
Aquifer, 2000. Circular. U.S. Geological Survey.
Minella, G., Ruiz, R., Ciavotta, M., 2008. A review and evaluation of multiobjective
algorithms for the flowshop scheduling problem. INFORMS J. Comput. 20 (3),
451e471.
Morris, F., Aug. 2013. Western Kansas Farmers Face Dwindling Water Supply (on-
line; posted 19.08.13.). http://hereandnow.wbur.org/2013/08/19/kansas-
farmers-water.
Musick, J., Pringle, F., Harman, W., Stewart, B., 1990. Long-term irrigation trends e
Texas High Plains. Appl. Eng. Agric. 6 (6), 717e724.
Peterson, J., Ding, Y., 2004. Economic adjustments to groundwater depletion in the
High Plains: do water-saving irrigation systems save water? Am. J. Agric. Econ.
87 (1), 147e159.
Sahoo, B., Lohani, A., Sahu, R., 2006. Fuzzy multiobjective and linear programming
based management models for optimal land-water-crop system planning.
Water Resour. Manag. 20 (6), 931e948.
Scanlon, B., Faunt, C., Longuevergne, L., Reedy, R., Alley, W., McGuire, V.,
McMahon, P., 2012. Groundwater depletion and sustainability of irrigation in
the US High Plains and Central Valley. PNAS 109 (24), 9320e9325.
Schmid, W., Hanson, R., 2007. Simulation of intra- or trans-boundary water-rights
hierarchies using the farm process for MODFLOW-2000. ASCE J. Water Resour.
Plan. Manag. 133 (2), 166e178.
Schmid, W., Hanson, R., 2009. The Farm Process Version 2 (FMP2) for MODFLOW-
2005 d Modifications and Upgrades to FMP1. Techniques and Methods
6eA32. U.S. Geological Survey.
Schmid, W., King, J.P., T. M. III, , 2009. Conjunctive Surface-water/groundwater
Model in the Southern Rincon Valley Using MODFLOW-2005 with the Farm
Process. Tech. Rep.. New Mexico Water Resources Research Institute.
Schmidt, C., Fisher, A., Racz, A., Wheat, C., los Huertos, M., Lockwood, B., 2012. Rapid
nutrient load reduction during infiltration of managed aquifer recharge in an
agricultural groundwater basin: Pajaro Valley, California. Hydrol. Process. 26
(16), 2235e2247.
Sieh, P., Winston, R., 2002. User's Guide to Model Viewer, a Program for Three-
dimensional Visualization of Ground-water Model Results. U.S. Geological
Survey. Version 1.6.
Sommer, R., Djanibekov, N., Salaev, O., Jul. 2010. Optimization of Land and Resource
Use at Farm-aggregated Level in the Aral Sea Basin of Uzbekistan with the In-
tegrated Model FLEOM Model Description and First Application. Discussion
Papers 92546. University of Bonn, Center for Development Research (ZEF).
http://ideas.repec.org/p/ags/ubzefd/92546.html.
Sophocleous, M., 2010. Review: groundwater management practices, challenges,
and innovations in the High Plains Aquifer, USA e lessons and recommended
actions. Hydrogeol. J. 18, 559e575.
Steduto, P., Hsiao, T., Fereres, E., Raes, D., 2012. Crop Yield Response to Water, FAO
Irrigation and Drainage. Paper 66. Food and Agriculture Organization of the
United Nations.
St€ockle, C., Nelson, R., Kemanian, A. CropSyst. http://modeling.bsyse.wsu.edu/
cropsyst.
Undersander, D. Alfalfa Yield and Stand, http://www.uwex.edu/ces/forage/wfc/
proceedings2002/yield_stand.htm, (online).
Woodruff, M., Herman, J., 2013. pareto.py: a ε-nondomination Sorting Routine.
https://github.com/matthewjwoodruff/pareto.py.
Zitzler, E., Thiele, L., 1999. Multiobjective evolutionary algorithms: a comparative
case study and the strength Pareto approach. IEEE Trans. Evol. Comput. 3 (4),
257e271.
K.R. Fowler et al. / Environmental Modelling & Software xxx (2014) 1e1212
Please cite this article in press as: Fowler, K.R., et al., A decisionmaking framework withMODFLOW-FMP2 via optimization: Determining trade-
offs in crop selection, Environmental Modelling & Software (2014), http://dx.doi.org/10.1016/j.envsoft.2014.11.031
